Dermatophytes are a highly specialized group of keratinophilic and keratinolytic filamentous fungi causing a ringworm disease called dermatophytosis or superficial mycoses. Although dermatophyte infections do not threaten the host's life, they lower its quality in humans by causing discomfort related to cosmetic problems and through their epidemiological significance, whereas in farm animals they are responsible for economic losses and constitute a source of the spread of spores. Evidence from countless observational studies that have been conducted over the last 90 years indicates that dermatophytes infect humans of every age, race, gender and socioeconomic status with strikingly high rates, as well as both farmed and wild animals in various health conditions and with various epidemiological statuses. However, the prevalence of superficial fungal infections is highly variable, since it depends on several parameters associated with the infected individual and the dermatophyte, their mutual interactions, and epidemiological and geographical factors. The curious disparity in dermatophyte infection patterns has prompted many investigators to search for a link between the host, the host's predispositions and susceptibility to the disease, and the dermatophyte species and virulence. Thus, the question arises as to whether, in addition to the generally recognized factors predisposing hosts to diseases, there are some other predispositions to dermatophyte infections in a species-specific host. In this review, we describe recent findings about the mechanism of dermatophyte infections, focusing on the adaptation of the fungi to the host and conditions predisposing each side to the disease.
IntRoductIon
Dermatophytosis is a disease occurring all over the world and every year 20-25 % of humans and animals are infected [1, 2] . The filamentous fungi called dermatophytes are the major aetiological agents of dermatophytosis, which is, in fact, cutaneous superficial mycosis characterized by the ability to develop on keratinized substrates, such as skin, hair and nails [1, 3, 4] . Although dermatophytes have a global distribution, some species are restricted to specific geographical regions of the world [3, [5] [6] [7] [8] . The major species of dermatophytes occurring in Europe, the eastern Mediterranean region and South America are Trichophyton rubrum, Trichophyton mentagrophytes, Trichophyton tonsurans, Epidermophyton floccosum and Microsporum canis [5] . Dermatophytes grow best in warm and humid environments; hence, they are more common in tropical and subtropical regions [7] . Therefore, in Libya, Iran, Iraq, Turkey, Italy and other warm countries, dermatophytoses are more prevalent than in countries with colder climates [1, 2, 6, 7] .
Evidence from countless observational studies that have been conducted over the last 90 years indicates that dermatophytes infect humans of every age, race, gender and socioeconomic status with strikingly high rates, as well as both farmed and wild animals in various health conditions and with various epidemiological statuses [9, 10] . However, the prevalence of superficial fungal infections is highly variable, since it depends on several parameters (Fig. 1) . First of all, the parameters that need to be indicated are independent of both the host and the pathogen; these are mainly climatic conditions, i.e. humidity and temperature [3, 11] . Other factors result from patients' characteristics, such as age, gender, damage to or maceration of the epidermis, proneness to diseases, mechanical site of lesions, local lowering of the immunological barrier resulting from pressure-related circulatory disorders, possible interactions with dermatophytes, socioeconomic status, exposure to a large number of spores and occupation [3, 8, 10, [12] [13] [14] [15] [16] [17] . Great importance should also be attributed to the species and the ecological group of the dermatophyte [3, 14] . Notably, the pattern of dermatophyte infection covers a wide continuum, from exposed individuals who never develop the infection to those with mycological confirmation but with no symptoms and individuals with symptoms that can be acutely inflammatory, non-inflammatory, or chronic and recalcitrant to treatment [2, 9, 18] . This curious disparity in dermatophyte infection patterns has prompted many investigators to search for a link between the host, the host's predispositions, the host's susceptibility to the disease, and the dermatophyte species and virulence [9, 19] .
As in the case of infectious predisposition, dermatophyte pathogenesis is dependent on both fungal and host factors that allow the establishment of the pathogen in host tissue ( Fig. 1 ) [19, 20] . The development of active dermatophytosis depends on the ability of the fungi to overcome the natural barriers of the host, such as the acidic nature of the skin, the action of phagocytic cells, skin desquamation and the presence of inhibitory molecules, i.e. fatty acids, antimicrobial peptides, etc. [15, 17, [21] [22] [23] [24] [25] . The attachment of dermatophytes to the host tissues must occur rapidly to avoid elimination of the fungi [18] [19] [20] . Zurita and Hay [26] report that adherence of fungal conidia to the stratum corneum appears within 3-4 h after infection, after which the conidia germinate up to 24 h. Dermatophyte hyphae colonized and spread through the skin during the next 3 days [27] . The dermatophyte arsenal used to overgrow host tissues comprises surface molecules responsible for attachment, fungal thermotolerance and dimorphism depending on environmental conditions, and in particular secreted enzymes to convert host keratin into a nutrient source [28] . Furthermore, several metabolic pathways are involved in dermatophyte survival under stress conditions, such as nutrient shortages, oxidative and osmotic stresses, and exposure to antifungal drugs [20] . These factors allow the dermatophyte to utilize different substrates for energy; hence, it may overcome the hostile environment of the host and maintain the infection process [29] . Therefore, the fungal-host interaction represents a dynamic and complex process that has been studied extensively in recent decades [9, 17, 18, 30, 31] .
Although the population of vulnerable hosts, both human and animals, is very large, and despite the pathogenic nature of the fungi themselves, the prevalence of cutaneous fungal infections is not as high as could be expected [1, 3, 18] . Thus, the question arises of whether, in addition to the generally recognized factors associated with an infected individual and favouring dermatophyte infections, as well as epidemiological and geographical factors, there are some other predispositions to dermatophyte infections in a species-specific host.
In this review, we describe recent findings about the mechanism of dermatophyte infections, focusing on the adaptation of the fungi to the host and conditions predisposing each side to the disease. In particular, we highlight the role of a specific type of keratin in host-pathogen interactions, the pH of the niche for dermatophytes, the mechanism involved in pathogenesis and the development of the symptoms of infection.
Predisposing factors that are dependent on the pathogen
The development of dermatophytosis symptoms is induced by metabolic changes occurring in host tissues. In this process, there are at least a few points where the specific type of infected tissue that is a niche for the dermatophyte can change the pathomechanism of the infection or even prevent the formation of ringworm (Table 1 ). The genome sequencing project for 24 T. rubrum and related dermatophytes carried out by the Broad Institute provided an analysis of the gene content and conservation across different strains [23] . This massive comparative genome analysis revealed at least a few differences in genome organization and content among dermatophyte species, suggesting that disparities in the regulation of gene expression and post-transcriptional mechanisms could be responsible for the niche-specific adaptation of each strain [23, 32, 33] .
Martinez-Rossi et al. [20] have described fungal transcription factors such as Pac. The transcription factor is a DNAbinding protein in the promoter or enhancer region in a specific site where it regulates the transcription process. Transcription factors can be selectively activated or inactivated by other proteins, most often at the last stage of signal transduction in the cell [20] . Classical and molecular genetics analyses support the wide domain regulatory range of pac gene signal transduction, i.e. the Zn finger regulator, whose products directly mediate pH regulation [43] . One of the better-described mechanisms of this type is the response of pathogenic dermatophytes to changes in the pH of the environment. During growth, keratin is the only source of carbon for dermatophytes, and as a result of its breakdown, the pH of the host's skin changes from acidic to alkaline [24, 36] . This adaptive response in turn provides a favourable pH for optimal activity of most proteases secreted by dermatophytes [18] and is essential for survival, virulence and dissemination in various host niches [36, 44] . Ferreira-Nozawa et al. [45] reported that the T. rubrum pacC gene, which encodes a putative protein that is homologous to the PacC/Rim101p family of pH signalling transcription regulators, might be induced under alkaline growth conditions. Additionally, their study indicated that the disruption of the pacC gene decreased both the secretion of keratinases and the ability of pacC mutant strains to grow, develop and produce of conidia on human nails as a nutrition source, i.e. the growth of T. rubrum appears to be related to molecular events, which depend on the action of protein PacC. The analysis of seven dermatophyte genomes revealed the presence of a pacC gene-dependent signal transduction pathway, suggesting that this mechanism is highly conserved among dermatophytes [46] . The phenomenon may be enhanced or remain constant, depending on the virulence of the dermatophyte strain.
Furthermore, once attached to the skin, nail, or hair surface, dermatophytes need to sense the host tissue and scavenge nutrients for survival [47] . Fungi secrete a broad spectrum of hydrolytic enzymes for the distribution of macromolecules, mainly keratin, used as an energy source [47] [48] [49] [50] . Secreted proteases, including keratinases, lipases, elastases, gelatinases, phosphatases, DNases and others, are the most widely studied dermatophyte virulence factors [49] [50] [51] . Analysis of the expression of some genes encoding these enzymes secreted by dermatophytes, such as keratinases, proteases and lipases, showed a highly variable level of expression, depending on the strain [18] . Furthermore, during the first stage of infection, when there is an interaction between the host and the pathogen, genes coding for enzymes that have optimum activity at acidic pH values are upregulated [41, 42] . On the other hand, it is widely agreed that keratin breakdown may require more than just one enzyme [52] . This concept was developed from observations that the keratinase activity of a culture broth was not detected after the addition of purified active keratinase protein, which indicated at least two enzymes working synergistically together in decomposition [34, 52] . Kunert [34] described fungal sulfitolysis for the dermatophyte Microsporum gypseum, which explains the hypothesis of multi-stage degradation of keratin. Disulfide bonds are cleaved first, and keratin is denatured, giving easy access for keratinases to degrade the keratin protein even further [34] . Many other experimental studies have provided evidence that disulfide reductase and the intracellular enzyme cysteine dioxygenase can break down sulfur bridges and contribute to the production and secretion of sulfite, thus giving the enzymes improved access to the keratinaceous substrate [52] [53] [54] . Only the metabolism of amino acids released during keratin breakdown results in a shift to alkaline pH [21, 55] . The dermatophyte keratin-degrading enzymes include some that exhibit optimal activity at the mildly acidic pH prevailing in the early stages of infection and others that show maximal activity at the higher pH values found later during keratin breakdown [21] . The disruption of this dependence, which is an adaptation to the parasitism of dermatophytes on the skin and hair, probably results in a reduction in the ability to degrade keratin. This conclusion is in agreement with earlier studies. Apodaca and McKerrow [35] and Sharma [44] revealed the highest keratinase activity at an alkaline pH of 8.0. In turn, a slightly acidic pH was found to be optimal for sulfitolysis, i.e. the first stage of the degradation of natural keratin [56] . Furthermore, Tsuboi et al. [37] demonstrated that extracellular keratinase is produced by T. mentagrophytes at an acidic pH. This is probably is related to the adaptation of dermatophytes to the specific structure of keratin in the natural host [55, 57, 58] . Gnat et al. [38] indicated a significantly more pronounced level of T. verrucosum dermatophyte growth on media supplemented with natural keratin compared to those supplemented with synthetic keratin. The possibility that the regulatory role in Sharma et al. [36] Tsuboi et al. [37] Gnat et al. [38] hsp gene Heat shock protein coding Jacob et al. [39] Silveira et al. [40] Maranhão et al. [41] Staib et al. [42] the multi-stage keratin degradation process involves changing the pH of the fungal living environment cannot be excluded [21, 36, 37, 59] . Maranhao et al. [41] give a different explanation of this phenomenon. In their conclusion, they suggest that in vitro growth of T. rubrum is dependent on the initial pH of the media used for culture, with an optimum pH of 4.0-5.0, in combination with an ambient pH shift from acidic to alkaline as keratin is decomposed by the fungal pathogen as a carbon source. It is known that the metabolism of some amino acids, i.e. glycine released from skin proteins, result in the secretion of ammonia and a change in the pH in media from acidic to alkaline, reaching values of about 7.5-8.9 [21, 60] . In T. rubrum, transcription of the acetamidase gene is activated by the acidic pH of the ambient environment [60] ; then, acetate and ammonia are produced, which leads to alkalinization [21, 61] . During the alkalinization process, dermatophytes respond by expressing enzymes that are functional at an acidic or alkaline pH, depending on the prevailing conditions [61] . The adaptive dermatophyte response is the essence of the pH regulatory system [45, 62, 63] . Furthermore, dermatophyte growth on keratin as a nutrient leads to the overexpression of genes encoding acidic-like enzymes, while these enzymes are only minimally expressed or completely repressed when the initial ambient pH is alkaline and glucose is the main carbon source [20] . The combination of the pH of the environment and the presence of natural keratin in the pathogen milieu is a regulatory mechanism. In addition, as shown by Silveira et al. [40] , disruption of the pacC gene of T. rubrum did not affect either the transcription patterns of the acetamidase and carboxypeptydase genes or the progressive alkalinization of the culture medium during dermatophyte growth. Thus, the acidic pH of human skin or the external layer of animals is optimal for dermatophyte enzymes, allowing adherence to and penetration of the host tissue, nutrient uptake and survival against host defence mechanisms [20, 37, 44, 56, 64] . Although it is well established that ambient pH affects the growth, physiology and viability of all organisms, the molecular response to environmental pH changes still remain to be elucidated [20] . Currently, it seems that dermatophytes respond to the ambient pH by derepressing genes encoding appropriate proteolytic enzymes [21] . Although the pH-adaptive mechanism appears to be common to the entire dermatophyte group, the results of several studies show a host-specific relationship and predisposition to infection in natural hosts.
The relationship between fungal pathogenicity and modulation of the hsp gene is well documented. Heat-shock proteins (HSPs) are conserved molecular chaperones that participate in the cell cycle and programmed death control throughout the stabilization and correct folding of nascent polypeptides, assembling protein complexes and sorting proteins into appropriate cellular compartments [65] [66] [67] . During the invasion of host tissues by a pathogen, HSPs are released into the extracellular space in response to stressful conditions [66] . It seems that HSPs are probably part of signalling to alert the rest of the host organism attacked by the pathogen to the potentially unfavourable situation [68, 69] . Fungal pathogens, just like bacterial organisms, also increase the expression of HSPs during infection [68] . In dermatophytes, there are several examples of overexpression of hsp genes during invasion [21, 41, 42, 70] . Three hsp70 genes in Arthroderma benhamiae [42] and hsp30 in T. rubrum [41] are overexpressed when keratin is a source of nutrient for these dermatophytes. In turn, hsp60, hsp70 and hsp78 genes exhibit increased expression in the case of the infection of human nails by T. rubrum [39] . Interestingly, in vitro analysis revealed no differentiation in the expression of these genes in T. rubrum studies where human nails and skins were used as a nutrition substrate [71] . The results obtained by Jacob et al. [39] suggest that each HSP responds to a specific stress condition and that the cohort of HSPs facilitates fungal survival under various environmental challenges. Moreover, their study indicated that hsp genes were modulated by Hsp90 at the transcriptional level and proved the role of Hsp90 in the pathogenicity and drug susceptibility of T. rubrum as well as the regulation function [39] . The HSP90 protein has particular importance in dermatophyte pathogenesis; it is constitutively highly abundant in cells and increases under stress conditions [20] . Many natural compounds produced by micro-organisms are used to inhibit this protein [39] . Silveira et al. [40] revealed that the dermatophyte hsp70 gene is overexpressed when the medium pH changes from acidic to alkaline. Thus, pH changes are essential in this mechanism. Interestingly, there are differences in hsp70 gene expression when dermatophytes are grown on human keratin or guinea pig keratin, suggesting the high host specificity of the action of these proteins [42] . This hsp70 A. benhamiae gene is downregulated in guinea pig infection and overexpressed during the infection of humans [42] . Some results obtained in vivo and in vitro were, however, contradictory, and a fair conclusion requires many extensive analyses. Nevertheless, the role of hsp gene expression in the pathomechanism of dermatophytosis seems to be substantial.
Predisposing factors that are dependent on the host
Conclusive evidence from observational studies conducted over the last 20 years indicates that the acquisition of dermatophyte infectious elements to the stratum corneum of the host is not synonymous with the occurrence of symptoms of infection [2, 26, 72, 73] . Moreover, the adhesion of spores to the host is not a passive process, and in itself does not prompt germination and the subsequent cascade of events that lead to active infection [72, 74, 75] . In fact, many studies reveal that dermatophytes can be present on their natural hosts for several weeks, months, and even years without causing any symptoms of infection [2, 51, 76, 77] . This is confirmed by the fact that dermatophytes bind to, and can be recovered from, the skin of animals and human despite the absence of ringworm, and the rates of asymptomatic infection can exceed those of symptomatic infection by as much as 10-fold [78] . Admittedly, chronic carriers are at higher risk of dermatophyte infection, yet the binding events themselves, which are necessary, do not appear to be sufficient for infection [77, 79] . This observation raises an obvious question: which factors arising from the macro-organism make some hosts of dermatophytes unsusceptible to the development of disease symptoms and allow them to remain asymptomatic carriers, while others develop active disease that can be recalcitrant to treatment in many cases?
Researchers of the pathogenesis of infectious diseases have spent nearly seven decades exploring whether pedigrees, polymorphism and other genetic changes, especially with respect to the genetics of immunity, underlie the susceptibility to dermatophytes or confer protection against them [9, 80] . Equally important is the question of whether genetics influence the nature and severity of dermatophyte infections, relapse after treatment and the receptivity of the host physicochemical barrier to the pathogen. AbdelRahman et al. [78] have suggested that the cross-sectional sampling strategies favoured in most epidemiological studies are inadequate for describing the natural course of infection and fail to identify individuals that develop active disease; therefore, they proposed a different strategy to test predisposition to infection. In their 2-year prospective longitudinal study, the authors evaluated preschool-aged children attending a single child care centre, conducted extensive molecular strain typing and clearly discriminated between individuals who never acquired the pathogen, those who intermittently acquired and lost different fungal strain types, and those who acquired and sustained infection with the same strain type over a period of years [78] . The rates of symptomatic disease were significantly different between exclusive, predominant and transient carriers of T. tonsurans. In contrast to dermatophyte infections in older individuals, where symptomatic disease seems to be a consequence of pathogen acquisition and asymptomatic carriers can be traced to a case, the infection in the examined preschool-age population was endemic, and symptomatic disease seemed to represent the activation of a single strain that persisted on the scalp. It seems that the health condition of the host influences the nature and extent of the relationship established with the dermatophytes, and the same genetic strain of the dermatophyte can cause different infection patterns in children sharing the same environment [12, 78] . In addition, some accompanying health states such as eczema, atopic dermatitis and seborrhoeic dermatitis may affect the susceptibility to dermatophytes [78, 79, 81] . Finally, it is possible that different strains of fungi with different infective capacities are responsible, which in combination with the genetic susceptibility of the host organism determines the type of infection caused. Even within small communities, incredible genotypic and phenotypic diversity can be observed among dermatophyte strains, which vary in e.g. secreted proteins, utilized nutrients and modulated host response, and only some or none of them cause disease [51, [82] [83] [84] [85] . Thus, the host's genetic predisposition is as important as the degree of pathogen virulence and adaptation.
Considering the genetic basis of host susceptibility to dermatophyte infections separately from the assessment of the pathogenicity of the fungus itself does not seem to have a strong justification. However, such an approach was considered in investigations in the 1940s and 1950s, which were conducted based on differences in the rates of infection between genetically related family members and individuals marrying into a family [86] [87] [88] [89] [90] . Sulzberg et al. [86] attempted to assess the extent of familial and conjugal infections of the feet and groin by sending questionnaires to over 100 dermatologists. They concluded that only four cases of familial infection were proved among hundreds of thousands of patients with fungal infections examined, and therefore such infections were of no practical importance. The authors declared that familial infection is not proven unless the fungi are isolated and shown to be culturally similar. Interestingly, these associative studies in family members are confounded by the nature of the contact experienced in a shared environment, which has been shown to influence infection rates in populations with no familial relation [87, [91] [92] [93] . In their investigations of fungal infections of the feet of soldiers at a military post, Hopkins et al. [87] found that various species occurred at approximately the same ratio in most of the groups examined and concluded that individual susceptibility to an existing latent infection was more important than exposure to cross-infection. Doubts about the accuracy of the conclusions were aroused by the fact that 3 of the 26 groups analysed in their study showed considerable variation in the predominant fungal species that caused the infection and others showed only slight but still present variation. The discrepancies in the results obtained were related to the rapid turnover of personnel in military establishments, which often did not ensure sufficient time for any species to become dominant [87] . Expanding these observations to include more advanced pedigree analysis provides some evidence for the genetic association of susceptibility to dermatophyte infections. In their study on confirmed cases of tinea imbricata caused by Trichophyton concentricum in 9 out of 16 family members, i.e. children, who had the same mother but 3 different fathers, Bonifaz et al. [94] revealed that the genetic susceptibility to dermatophytosis represents autosomal dominant inheritance. Although autosomal recessive inheritance of susceptibility to tinea imbricata has also been reported [95] , the authors argued that the presented family case strongly indicates an autosomal dominant inheritance pattern for this susceptibility. Additionally, these two divergent conclusions do not exhaust the possibilities for explaining the family's sensitivity to tinea imbricata. Hay et al. [96] indicated no discernible pattern of inheritance for susceptibility to these dermatophytes, and the ineffective immune response to the infection may well explain the high relapse rate after treatment and the extensive nature of the lesions. What is more, the observations reported by Dey and Marplestone [97] , Poluni [98] and Reid [99] of much higher prevalence of tinea imbricata in some races compared to others living in the same country under closely related environmental circumstances highlight the presence of racial characteristics in determining susceptibility to the disease. These reported differences in prevalence may be the result of ethnically induced environmental differences between various groups of people living in close proximity to each other.
A similar dependence of the predisposition to infection with specific species of dermatophytes has been revealed for certain breeds of various animal species, including both farmed and pet animals [13, 14] . Knowledge of the local epidemiology of dermatophytes is provided by veterinarians and is particularly important to guide the practitioner during consultation as well as the mycologist during fungal identification [4, 10, 13, 100] . However, the molecular mechanism of this phenomenon from the perspective of the host has not been thoroughly explained.
The host-dependent causes of the increased frequency of infection with certain species of dermatophytes are seen in the variable, species-specific structure of keratin filaments [101] [102] [103] [104] [105] . Ng et al. [104] reported that α-and β-keratins are preferentially expressed in different structures and in different proportions in different animal species. Importantly, posttranslational modifications of keratin, such as the formation of disulfide bonds, phosphorylation and glucosylation, can result in diverse types of modified keratin filaments [57, 101] . The different keratin characteristics give different degrees of bioaccessibility and sensitivity to enzymatic degradation [57, 58] . This affects the variability of sensitivity to dermatophyte infections. However, the described mechanism does not fully explain the nature of this predisposition, which is closely related to geographical region. Currently, T. rubrum, which mainly occurs in humans, T. verrucosum, which characteristically infects cattle, and T. mentagrophytes, which has a wide range of hosts, are the most important species to have been isolated in Europe [8, 10, 106] . In Asia and Australia, there are fewer cases of superficial mycoses caused by T. verrucosum [3] . T. rubrum, T. mentagrophytes and T. violaceum are the most frequently isolated pathogens in these regions [107] . In Africa, the antrophophilic dermatophyte T. audouinii, together with T. violaceum and T. soudanense, is the most prevalent pathogen, while T. rubrum, T. tonsurans and T. mentagrophytes are most commonly observed in the Americas [14] .
There is also evidence for the regional nature of the occurrence of zoophilic dermatophytes [108, 109] , e.g. the frequency of T. verrucosum isolation among other dermatophyte species is relatively high in Greece (1.8%) [110] , France (1.53%) [13] and Poland (1%) [111] compared to that in studies from Italy (0.04%) [5] , the Czech Republic (0.01%) [112] and Germany (0%) [113] . It seems, therefore, that it is not only the host's predisposition that is important, but also possible interactions with the pathogen in the regions of its occurrence that lead to its gradual adaptation. Despite the regional characteristics of and predispositions for dermatophyte infections, which can be seen in the examples described, the spectrum of dermatophytes is not static, primarily because of the mass transport of animals and increasing human migration [114] .
One of the most important limitations of studies of the genetic predictors of susceptibility to antropophilic dermatophytes should be taken into account, i.e. the assumption that susceptibility is a monogenic feature and is not dependent on non-inherited factors [9, 19, 33, 85] . A team of scientists led by Abdel-Rahman in recent years broadened the search for genes that may be linked with infection by way of a genomewide association study in a cohort of children for whom the frequency of tinea capitis infection had been characterized longitudinally over several years [115] . Generally, this study revealed that 21 genes could account for the variability in the infection rate observed in the population, including genes involved in the recruitment, activation and migration of leukocytes (SEMA6A, ROBO1, SLIT3, cd99L2, CSMD1, GAB2); genes involved in extracellular matrix formation, integrity and remodelling (FBLN5, FBN2, MFAP4, SMOC2, PCDH7, MMP3, ADAM 12); genes involved in epidermal development, maintenance and wound repair (FGF1, MAPK8, IGF1R); and genes involved in skin homeostasis and host-pathogen interaction (LASS4, GALP, KAL1, FibCD1) ( Table 2 ). The risk index assigned to the genotypes in these 21 genes accounted for over 60 % of the variability observed in the infection rate, and 8 of the analysed genes appeared to account for the majority of the variability in the susceptibility to dermatophyte infections that was observed [115] .
In many studies carried out previously, a breakdown in the immune response was also proposed as the cause of the differences in susceptibility to dermatophytes. The importance of phagocytes in immunity to dermatophytosis was recognized more than 30 years ago [116] . Cell-mediated immunity was considered to be critical for disease control based on clinical and experimental findings that associated the development of inflammation and delayed hypersensitivity reaction with infection restriction [117] . While antibodies were not considered to be protective due to the high titres developed by chronically infected patients, humoral immunity in the form of complement proteins was considered to be helpful in dermatophyte elimination by enhancing the recruitment and killing function of polymorphonuclear leukocytes (PMNLs) [116, 118] . In addition, Suite et al. [119] observed that secreted proteins of T. violaceum and T. rubrum acted as potent chemotactic factors and this enhanced recruitment of inflammatory cells promoted the intense inflammatory reaction observed in dermatophyte infections. Along with neutrophils, monocytes were also recognized as important effector cells in fungal elimination that are able to inactivate T. rubrum and Trichophyton quinckeanum, with phagocytosis and reactive oxygen species generation being the main tools for fungal destruction [120] . Nevertheless, while monocytes seem to restrict fungal development, macrophages are not equally efficient cells. Campos et al. [121] showed that murine peritoneal resident macrophages were able to phagocytose T. rubrum conidia and secrete tumor necrosis factor (TNF-α), but were unable to eliminate the pathogen. Instead, the fungus developed into hyphae inside the phagocytes, leading to their destruction. Meymandi et al. [122] and Szepes [123] showed that phagocytes were increased in the mycotic area of the epidermal/dermal layer, and neutrophils were also observed in samples of stratum corneum collected from patients, although this feature is not exclusive to dermatophytosis. The critical contribution of phagocytes to dermatophytosis was further corroborated in the study reported by de Sousa et al. [124] , n which a correlation between defective phagocyte function and chronic infection was observed. In chronic widespread dermatophytosis, patient-derived macrophages and neutrophils showed defective phagocytosis, reduced production of reactive oxygen and diminished secretion of inflammatory cytokines. Therefore, the dysfunctional response of phagocytes in these patients may make them prone to the development of dermatophytosis.
Improvements in the field of innate immunity started with the introduction of the concepts of pattern recognition receptors (PRRs) and pathogen-associated molecular patterns (PAMPs) [125] . PRRs are germline-encoded receptors that recognize PAMPs as defined structures or molecular determinants that are not expressed by the host, but are essential for the pathogen. In dermatophytosis, a direct link between TLRs and infection outcomes has not yet been demonstrated; however, some initial studies have indicated a possible contribution [125, 126] . Cambier et al. [125] evaluated the expression of TLR2, TLR4 and dectin-1 mRNA in feline PMNs exposed to different components from M. canis. The authors showed an increase in TLR2 and TLR4 mRNA levels in feline PMNs stimulated with live and heat-killed arthroconidia, but not in those stimulated with the secreted components from M. canis. These results suggest that TLR2 and TLR4 are involved in the host immune response through the recognition of M. canis PAMPs. Additionally, TLR2 and TLR4 were shown to be positively expressed in vitro in response to T. rubrum in the human keratinocyte cell line HaCaT [127] . The same result was obtained in vivo, where immunostaining of TLR2 and TLR4 was higher in infected skin biopsies than in healthy controls [128] . Oliveira et al. [126] reported that TLR4 expression was depressed in patients with disseminated dermatophytosis and TLR2 was not depressed simultaneously, which may represent a possible mechanism for increased severity and persistence of this disease. It should be highlighted that most of these studies were small and largely underpowered to detect differences between cases, hosts and pathogens, and in addition, several of them concentrated on genetically homogenous populations.
In all individuals tested to date, deep dermatophytosis has been shown to be associated with biallelic, rare, deleterious caspase recruitment domain-containing protein 9 (CARD9) mutations, providing yet another example of a life-threatening infectious disease associated with single-gene inborn errors of immunity [129] [130] [131] . CARD9 is a cytosolic adaptor that is abundant in myeloid cells, and is essential for the recognition of microbes [130] . In line with its general propensity to regulate the abundance of various TNF and IL-1 family members [132] , selected CARD9 gene polymorphisms predispose to inflammatory diseases [130, 131] . It has been shown that CARD9 is indispensable for the development of T-helper 17 (Th17) responses to fungal infection in mice, mostly through dectin-2, and, to a lesser extent, dectin-1 signalling, macrophage-inducible C-type lectin, and probably other as yet unknown receptors involved in antifungal immunity [129, 133] . Similarly, patients with an autosomal-recessive homozygous CARD9 Q295X mutation exhibited decreased levels of circulating IL-17 + T lymphocytes [134] . Although IL-17 production by lymphocytes was impaired in CARD9 deficiency, stimulation of CARD9-deficient monocytes with the pathogen elicited selectively diminished IL-1β and IL-6, which are pivotal cytokines for priming downstream Th17 differentiation [129, 135] . Moreover, a defect in macrophages, dendritic cells, or keratinocytes might account for the invasion of the dermis by dermatophytes in CARD9-deficient patients, since the Q289X mutation leads to a loss of expression and the Skin homeostasis and interaction with pathogen R101C mutation leads to lower levels of expression in patients' monocyte-derived dendritic cells [129] . CARD9 mutations also predispose to cutaneous and invasive infections not only with dermatophytes, but also with Candida, suggesting that the antifungal control of these fungi is similar and also dependent on CARD9 [134] . In contrast, no infections by endemic dimorphic fungi have yet been reported for CARD9 deficiency.
There is ample insight into the host defence pathways responsible for controlling invasive fungal diseases, given the paucity of investigations centred solely on dermatophytes. Cutaneous dermatophyte infections have been diagnosed in several inherited immunodeficiencies, which represent a heterogeneous group of diseases characterized by a profound defect in T and B cell differentiation or function, manifested by severe infections from an early age [136, 137] . Interestingly, Jiménez-Puya et al. [126, 127] showed a correlation between immunodeficiency due to a defect in adenosine deaminase (ADA) activity appearing during the first year of life and a predisposition to dermatophyte infections. Normally, dermatophytosis remains rare in children, especially in small ones. The nails of healthy children and young adolescents grow fast. Such a quick turnover of nail platelet has a protective role against fungal infection. Dermatophytes grow slowly and are therefore eliminated from the growing nail plate during routine nail trimming. This is why Trichophyton infections are uncommon in this group, in contrast to older people [138] . Another study confirming the increased susceptibility to dermatophytes in immunosuppressed children was carried out by Macura et al. [139] . They determined the susceptibility to fungal infections of nails in children with X-linked agammaglobulinemia (XLA) and common variable immunodeficiency (CVID). The main finding of the study was the increased susceptibility of the antibody-deficient patients to the experimental nail infection with T. mentagrophytes. It seems that efficient host response to fungal infection requires unimpaired cellular immunity. The publications cited above give evidence for a correlation between impaired cellular immunity, e.g. in acquired immunodeficiency syndrome (AIDS), and increased susceptibility to fungal infections, which is explained by the mechanism of dermatophyte infection activating cellular immunity [64, 136, 139, 140] . Additionally, there is a considerable body of evidence to support the link between human dermatophytosis and allergic diseases such as asthma, urticaria and atopic dermatitis [141] . Although dermatophytosis only contributes to symptoms in a minority of subjects with chronic skin infections, allergic disease in these patients can be severe, often requiring long-term antifungal therapy.
Finally, there are genetic associations between the host and the dermatophyte for which the mechanism is not completely understood. For example, two of the six apolipoprotein E (apoE) genotypes appear to be present in patients with dermatophytoses at frequencies higher or lower than those observed in controls [142] . Tursen et al. [142] suggested that high high-density lipoprotein (HDL) cholesterol levels and the absence of one of the main apolipoprotein E genotypes (apoE3/3) can be regarded as risk factors for superficial fungal disease, especially dermatophytosis. However, both the patients and the controls were found to be normolipemic, and there was no difference in the serum triglyceride, low-density lipoprotein (LDL) and very low-density lipoprotein (VLDL) cholesterol concentrations. There are also associations with dermatophyte infections that, though probably genetic in nature, have only been described at the cellular or protein level. Kaya et al. [143] suggested that increased numbers of CD4 + CD25 + T reg cells may play a role in the failure of the clearance of dermatophytes from skin by preventing protective inflammation and promoting chronic fungal colonization of the foot, which leads to the development of onychomycosis. It can also be suggested that subjects with high percentages of T reg in their peripheral blood are susceptible to chronic dermatophyte infections; thus, an increase in the peripheral blood T reg numbers can be regarded as a risk factor for onychomycosis. In this case, it can be speculated that the induction of T reg may be one of the mechanisms for the adaptation of antropophilic dermatophytes to the human skin and noninflammatory chronic infections. However, it is also possible that mannan glycoprotein or another antropophilic dermatophyte molecule induce the formation of T reg cells instead of effector T cells in these patients, which means that the increased numbers of T reg in these patients is not the cause of their predisposition to onychomycosis. The latter supposition was confirmed by Maleszka et al. [144] , who demonstrated that, both before and after treatment, patients affected with dermatophyte onychomycosis had a lower percentage of T lymphocytes (CD3 + cells), Th lymphocytes (CD4 + cells) and activated lymphocytes (CD3 + HLA-DR + cells), compared to the control group. The intensity of T lymphocyte proliferation was determined by labelled thymidine incorporation. A mannose-rich T. rubrum glycoprotein fraction induced the proliferation of T lymphocytes. Cell lines of respective lymphocytes were stimulated to grow with extracts of various fungal species. This provided evidence that the main cross-reacting antigen recognized by T lymphocytes is present within the mannose-rich glycoprotein fraction [145] . Moreover, the mannose component of the T. rubrum cell wall causes more pronounced suppression of immunological response than the antigens of other dermatophytes [144] . It is difficult to comment on these results unequivocally due to the active avoidance of the immune surveillance of the dermatophyte and its suppressive activity. Furthermore, it should be emphasized that, in some patients, dermatophyte infections may proceed within barely accessible keratinized nail organ structures and remain beyond any immunological control of the host [9] .
Interaction between the dermatophyte and the host
Dermatophytes can produce a highly polymorphic spectrum of diseases, depending on the infected body area, the host immune status and the fungal species involved [128, 146] . Heinen et al. [30] suggested that a dermatophyte induces a more severe inflammatory reaction in a host to which it is not adapted than it does in its natural host. However, infected hosts develop many defence mechanisms against dermatophytes, ranging from non-specific and innate to sophisticated adaptive responses to stop fungal invasion, and the absence of adaptation is often a major obstacle in the development of the fungal pathogen [147] . Ex vivo and in vitro experimental studies are required to address suggestions about dermatophyte strain niches and host specificity, and the disparate degree of pathogenicity in various species of animals and humans. Typically, human infections caused by zoophilic dermatophytes are acute and highly inflammatory, while antrophophilic species cause chronic disease with weak inflammatory response [21, 46] . The results of previous research provide insights into the pathogenic process and immune response triggered by different ecological groups of dermatophyte species, indicating that the cytokine profile is important in the formation of lesions [117] .
Let us start from the beginning of the dermatophyte interaction with the host. The first element of signal exchange between the pathogenic dermatophyte and the host is the interaction of fungal adhesins with tissue receptors. Adhesins are surface molecules that are expressed in the fungal cell wall and allow rapid attachment to host tissues and extracellular matrices, and the first cells encountered by dermatophytes during infection are keratinocytes, which play an important role in host innate defence [16, 20, 21, 148] . Esquenazi et al. [149] addressed the presence of surface glycoproteins, i.e. adhesins, in T. rubrum and T. mentagrophytes, which interact with the galactose and mannose of epithelial cells of the hamster ovary. In turn, in M. canis, the secreted protease from the subtilisin family Sub3 is involved in adhesion to the feline epidermis [150] . Baldo et al. [150] revealed that a role in pathogenicity could be attributed to a protease of the dermatophyte, i.e. precisely Sub3 from M. canis, which is required for adherence to but not invasion of the epidermis. Importantly, this suggestion reveals that proteases play a role in attachment to host tissues [20, 150] . Some studies have addressed the role of the SOWgp immunodominant cell wall antigen in dermatophyte virulence at the first stage of infection, with it helping the fungus attach to the extracellular matrix [151] . This conclusion was confirmed by the discovery of an upregulated sowgp gene in the early stages of in vitro nail and keratin growth by T. rubrum [46] . Deletion of the sowgp gene using a targeted gene replacement strategy resulted in partial loss of the ability of intact spherules to bind to extracellular matrix proteins and a significant reduction in the virulence of the mutant strain [151] .
Innate immunity is the host's first line of defence against pathogens [117] . Cytokines and other immunological factors derived from keratinocytes in response to dermatophyte recognition play important roles in inflammatory and immune responses in the skin [117, 152, 153] . Shiraki et al. [152] performed an in vitro investigation to determine human keratinocyte cytokine profiles during dermatophyte infection. The human keratinocyte cell line PHK16-0b was infected with the zoophilic species A. benhamiae or the antropophilic species T. tonsurans for 24 h, and the cytokines secreted were analysed using a human cytokine antibody array. Their results demonstrated marked differences in the cytokine profiles of cells infected with the two dermatophytes. A. benhamiae infection resulted in the secretion of a broad spectrum of cytokines, including pro-inflammatory cytokines, chemokines and immunomodulatory cytokines, to promote the recruitment of inflammatory cells during illness, tissue remodelling and wound healing. In contrast, the T. tonsurans-infected keratinocytes secreted only limited cytokines, including eotaxin-2 as well as interleukin IL-8 and IL-16 [152] . These results suggest that A. benhamiae-induced secretion of cytokines from keratinocytes may be involved in a severe inflammatory response and the limited cytokine secretion from keratinocytes in response to T. tonsurans infection may result in a minimal inflammatory response in the skin. Cambier et al. [125] formulated similar conclusions in their in vitro immune response studies of the skin of mice infected with A. benhamiae and Arthroderma vanbreuseghemii. Their study showed infiltration of neutrophils, macrophages and dendritic cells, as well as high levels of TGF-β, IL-1β, IL-6 and IL-22 in mouse skin infected by the dermatophytes. Interestingly, the interaction between keratinocytes and the dermatophytes induced the expression of the hypA gene [154] . Heddergott et al. [155] suggested that the HypA surface protein is mainly an initiator, which determines whether dermatophytes can coexist with their hosts for many years without causing significant symptoms or cause highly inflammatory diseases. They identified mechanisms involved in the modulation of the host response during infection caused by the zoophilic dermatophyte A. benhamiae. They observed the formation of neutrophil extracellular traps against dermatophytes, whose level of formation was increased by the hypA gene mutant, compared to the wild-type. Furthermore, conidia of the mutant strains were killed more effectively by neutrophils. Most likely, hydrophobin protects dermatophytes from recognition by the host innate immunity, and neutrophils can inactivate fungi that do not produce HypA protein more efficiently, simultaneously increasing the secretion of pro-inflammatory cytokines [154, 155] . It seems that adaptation of the dermatophyte to the host results in loss of the phenotype causing strong disease, which is evolutionarily justified. The asymptomatic carrier is a better adaptation for the pathogen, which, while remaining in hiding, is able to stay alive for a long time. Each change in the niche triggers the phenomena of struggle for survival and avoidance of the immune response of the host.
Another important aspect of the interaction between the dermatophyte pathogen and the host is the formation of biofilm, especially in nail infection [156, 157] . Biofilms are sessile microbial communities surrounded by extracellular polymeric substances with increased resistance to antimicrobial agents and host defences. Biofilms are a dynamic state of homeostasis in which the component micro-organisms are optimally organized to make use of all available nutrients [158] . Thus, for example, one fungal element can actively produce keratinases, proteolytic and other enzymes, and can actively reproduce, whereas other members of the same species may lay dormant within the same biofilm [158, 159] . Biofilms are currently of particular importance because it is now estimated that a significant proportion of all human microbial infections involve biofilm formation [159] . Moreover, biofilm cells exhibit an altered phenotype with respect to growth rate and gene transcription [160] [161] [162] . In terms of dermatophytes, one of the fungal cell surface glycoproteins, namely Flo11p, is directly involved in adherence to keratinocytes [163] . Burkhart et al. [160] proposed the hypothesis that biofilm formation in dermatophytes could explain dermatophytomas, in which circumscribed dense white fungal masses live within and under the nail plate [156] . Dermatophytomas are a form of onychomycosis; they are more resistant to traditional therapies, and may require surgical removal of the diseased nail plate, host more than one micro-organism species and have living fungal elements that are strongly adherent to the nail plate that survive in histological analyses [156, 160] . Since micro-organisms can exist in a somewhat dormant state within biofilms, the histological findings of resting chlamydospores and arthroconidia within infected nail plates can be explained [158, 164] . Costa-Orlandi et al. [156] demonstrated that T. rubrum and T. mentagrophytes formed biofilms on polystyrene surfaces. After biofilm formation for 72 h, a coordinated network of hyphae was observed, growing in all directions, crossing each other and embedded in some areas within an extracellular polysaccharide matrix, and comprising the ultrastructure of the mature biofilm. Therefore, the ability of dermatophytes to form biofilms can be considered to be a virulence factor, helping to protect the fungi from ambient stress and providing metabolic cooperation as well as communication [46] . Undoubtedly, the formation of biofilms is an important factor not only in the interaction of the dermatophyte with the host, but also in the interaction between dermatophytes, which indicates their strong metabolic relationship.
conclusion
The heterogeneous nature of dermatophytes and their hosts as well as the integumentary barriers that are breached during the course of infection indicate that susceptibility to infection is probably a cumulative result of minor changes on both sides and mutual adaptation. In our review, the complexity of the interaction between dermatophytes and their natural and incidental hosts is highlighted. Different models may lead to divergent interpretations of this relationship. Interestingly, the choice of an appropriate model for analysis and inferences is a critical step to understand these pathogens better.
Future studies will require broader exploration of the dermatophyte genome in combination with analysis of large, phenotypically well-characterized populations of various dermatophyte species to identify the main factors mediating infection risk, which can be directed to disrupt host-pathogen interactions and used in therapies. One of the important tasks is to compare the genomes of sequential clinical isolates, which can determine whether tinea reoccurrence is the result of he reactivation of a latent commensal colonization or reinfection from external sources. Comparing the genomes and gene expression of clinical isolates before and after antifungal treatment to the reference genomes will help to elucidate why dermatophytes appear to respond to antifungal treatment but not develop resistance after repeated treatments. Extending previous studies of gene expression to compare different species in parallel in similar conditions may help to explain the phenotypes of different species or strains. Finally, analysis of the expression of kinase genes and other signalling systems can help to characterize how dermatophytes respond to host signals in both active infection and latent colonization. There is also an equally wide field for examining the immune response of the host to the infection, and an important aspect of this concerns animals and infections with a zoonotic effect.
Interestingly, the dermatophyte genes and proteins that participate significantly in interaction with the host are potential candidates for therapeutic targets. It is worth noting that the successful establishment of infection is dependent on several fungal proteins and enzymes regulated by multiple genes that are activated or repressed in response to the ambient environment of the host. Candidate genes such as hsp90 and pacC, which are present as a single, unique copy in the genome and are conserved among dermatophytes species, have high potential as drug targets. Moreover, chemical inhibition of Hsp90 results in increased susceptibility of T. rubrum to drugs. Therefore, extensive studies on the interactions between dermatophytes and their specific hosts, which involve complex molecular mechanisms, will have great significance for theory and applications.
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